The Ingenuity time-of-flight (TF) PET/MR is a recently developed hybrid scanner combining the molecular imaging capabilities of PET with the excellent soft tissue contrast of MRI. It is becoming common practice to characterize the system's point spread function (PSF) and understand its variation under spatial transformations to guide clinical studies and potentially use it within resolution recovery image reconstruction algorithms. Furthermore, due to the system's utilization of overlapping and spherical symmetric Kaiser-Bessel basis functions during image reconstruction, its image space PSF and reconstructed spatial resolution could be affected by the selection of the basis function parameters. Hence, a detailed investigation into the multidimensional basis function parameter space is needed to evaluate the impact of these parameters on spatial resolution. Methods: Using an array of 12 × 7 printed point sources, along with a custom made phantom, and with the MR magnet on, the system's spatially variant image-based PSF was characterized in detail. Moreover, basis function parameters were systematically varied during reconstruction (list-mode TF OSEM) to evaluate their impact on the reconstructed resolution and the image space PSF. Following the spatial resolution optimization, phantom, and clinical studies were subsequently reconstructed using representative basis function parameters. Results: Based on the analysis and under standard basis function parameters, the axial and tangential components of the PSF were found to be almost invariant under spatial transformations (∼4 mm) while the radial component varied modestly from 4 to 6.7 mm. Using a systematic investigation into the basis function parameter space, the spatial resolution was found to degrade for basis functions with a large radius and small shape parameter. However, it was found that optimizing the spatial resolution in the reconstructed PET images, while having a good basis function superposition and keeping the image representation error to a minimum, is feasible, with the parameter combination range depending upon the scanner's intrinsic resolution characteristics. Conclusions: Using the printed point source array as a MR compatible methodology for experimentally measuring the scanner's PSF, the system's spatially variant resolution properties were successfully evaluated in image space. Overall the PET subsystem exhibits excellent resolution characteristics mainly due to the fact that the raw data are not under-sampled/rebinned, enabling the spatial resolution to be dictated by the scanner's intrinsic resolution and the image reconstruction parameters. Due to the impact of these parameters on the resolution properties of the reconstructed images, the image space PSF varies both under spatial transformations and due to basis function parameter selection. Nonetheless, for a range of basis function parameters, the image space PSF remains unaffected, with the range depending on the scanner's intrinsic resolution properties.
INTRODUCTION
The renewed interest in PET/MR imaging during the last few years, due to advancements in detector technology, has lead the main manufacturers to develop commercial whole body PET/MR systems. [1] [2] [3] These systems combine the excellent spatial resolution and soft tissue contrast of the MR, with the high sensitivity of the PET, to exploit their individual, as well as synergistic strengths in a number of clinical applications. 4, 5 The combination of these two systems provide images of almost perfect spatial registration. 6, 7 However, a number of technical challenges, both in the hardware and software domain, resulted in postponing their commercial introduction in clinical practice. In integrated PET/MR systems, like the FIG. 1. The Philips Ingenuity TF PET/MR scanner is based on the Gemini TF PET and the Achieva 3T X-series MRI system and uses a rotating patient handling system to allow sequential scanning between the two modalities.
Siemens mMR, the two scanner components acquire simultaneous data within a common field-of-view (FOV). 3 On the other hand, one can maintain the technology currently used in PET and MR systems with minimal changes, by combining them in a tandem arrangement, allowing sequential acquisition between the two components. 2, 8 The Philips Ingenuity TF PET/MR system falls in the latter category and uses a rotating patient handling system to enable sequential imaging between the two systems. 1 The scanner is comprised of the Gemini time-of-flight (TF) PET (Refs. 9 and 10) and the Achieva 3T X-series MRI systems (Fig. 1) . Although the distance between the individual components (∼3 m) as well as the additional PMT and detector shielding, provide sufficient protection against interference effects, 11 detailed characterization of the scanner's point spread function (PSF) and resolution characteristics in the presence of the MR field is important. Such characterization could provide valuable information to guide clinical studies where spatial resolution is of importance and enable improved resolution recovery by taking into account the scanner's spatially variant PSF within resolution modeling image reconstruction algorithms.
Numerous aspects for estimating a scanner's PSF and applying it within statistical image reconstruction have been investigated. 12 Estimating the spatially variant PSF experimentally constitutes the most accurate approach and usually requires multiple acquisitions of a positron emitting source at discrete positions throughout the FOV. [13] [14] [15] [16] [17] However, conventional techniques based on robotic equipment are not feasible in PET/MR systems due to the need to operate within the magnetic field, provided the PSF measurements are performed with the magnet on. Therefore, other methods such as those based on positron beams or printed point sources can be used as fast and efficient alternatives. 14, 18 Whether modeling the resolution characteristics in projection or in image space, rotation, and translation symmetries can be taken into account to reduce the locations where the PSF needs to be sampled. Modeling the PSF in image space is less challenging from an experimental setup point of view, while multiple points can be used to simultaneously sample the PSF at different locations in the FOV. At the same time, due to the parameterization of the measured response and the subsequent interpolation of the parameters in the remaining positions, image-based methods yield similar results to projection-based modeling when used within resolution recovery based image reconstruction algorithms. 12, 14 Furthermore, as modeling and application of the spatially invariant/variant kernels occurs in image space, these methods are suitable for systems with list-mode image reconstruction due to the lack of a projection space. 19 In the Ingenuity TF PET/MR system, image reconstruction is performed on list-mode data, therefore image space modeling constitutes the method of choice for measuring the scanner's PSF.
Image reconstruction algorithms in PET aim to approximate the underlying activity distribution by representing it as a linear sum of shifted and scaled copies of a basis function (BF). Traditionally, estimating the image space blurring matrix requires the reconstruction of high statistics point source data using cubic basis functions (voxels) and modeling the reconstructed kernels using, in most cases, Gaussian functions to estimate a number of parameters. If statistical reconstruction is used, the algorithm should be iterated sufficiently for the data to approach convergence, in order to avoid further blurring of the kernels. Furthermore, post-reconstruction operations, such as filtering or any other operation that can impact spatial resolution, should also be avoided to prevent masking the true PSF. An image space PSF map can then be derived, which can be approximated as being independent of the reconstruction parameters. However, an alternative to the traditional cubic basis functions in image reconstruction is to use overlapping and smoothly decreasing spherically symmetric basis functions (blobs). 20 A common family of spherically symmetric basis functions used in image reconstruction is the Kaiser-Bessel window functions. The properties of these basis functions as opposed to cubic basis functions, can be adjusted by altering a set of parameters. 21 When such overlapping basis functions are used within image reconstruction, parameter selection has a profound effect on the properties of the reconstructed images. 22 Parameter optimization based on minimizing the error by which a constant function can be reconstructed has been used in the past. 23 However, since such basis functions were originally introduced to improve signal to noise ratio, previous studies have mainly concentrated on the variance characteristics of the reconstructed images, while basis function parameters could also have an effect on the spatial resolution properties of the reconstructed images. Therefore optimizing the spatial resolution can also be used as a criterion for their optimal selection. Furthermore for scanners utilizing image reconstruction based on spherical symmetric basis functions, the image space PSF could depend upon the selection of the basis function parameters. Image reconstruction on the Ingenuity TF PET/MR is based on spherical symmetric volume elements using Kaiser-Bessel window functions and as such its reconstructed spatial resolution and consequently its image-based PSF could be dependent upon the basis function parameters.
In this work, we experimentally measure the spatialvariant PSF of the Ingenuity TF PET/MR in image space and investigate its spatial resolution properties using a printed point source array technique and a custom made phantom design. We also perform a direct search into the multidimensional Kaiser-Bessel parameter space to investigate the impact of each parameter on the spatially variant resolution characteristics. Finally, we investigate the resolution characteristics and derive the image space PSF for those basis function parameters which minimize error in the reconstructed images, in order to derive parameters optimizing both error and spatial resolution.
THEORY

2.A. Image modeling using spherical symmetric basis functions
As mentioned above, the task of image reconstruction is to approximate the underlying activity distribution by representing it as a superposition of shifted and scaled copies of a basis function (b). During image reconstruction, the scaling factors for each shifted copy of the basis function are calculated in the form of coefficients and stored for visualization. Therefore lets define a three-dimensional grid in space with J uniformly distributed points or grid nodes, each being localized in space by a unique set of x j , y j , and z j coordinates, representing the origin for each shifted basis function and with a sampling frequency of 1/d. Also for each spherical symmetric basis function b, the amplitude can be considered to be only a function of distance from the origin x − x j , y − y j , z − z j such that b = b( x − x j , y − y j , z − z j ). Then the reconstructed image can be modelled as
where a j are the coefficients of each shifted basis function b at node j with its origin at (x j , y j , z j ). 20 The difference of using spherical symmetric elements as opposed to cubic is that their shape and size can be freely adjusted to reflect certain properties. Adjacent copies of the basis function are also allowed to overlap in space, with the degree of overlap being a function of the basis function parameters and their sampling distance in the 3D basis function space.
2.B. Three-dimensional Kaiser-Bessel spherical functions
A widely known family of spherical symmetric basis functions, used by the Ingenuity TF PET/MR system for image representation and reconstruction, is the Kaiser-Bessel family of window functions. The use of these multi-parameter basis functions in tomographic image reconstruction was first proposed by Lewitt 21 and further exploited by Matej and Lewitt 23 and can be generally described as
where b{m, alpha, r, R} = 0, for R ≥ r
where m is the order of the function and is a non-negative integer which controls the continuity conditions at the boundaries of the function, alpha is a parameter which controls the shape of the function, r is the function radius, R is the distance from the function origin, and I m is the modified Bessel function of the mth order. As can be seen, the amplitude of the Bessel function inside the boundaries is a function of many parameters with a bell-shaped radial profile. Looking at the power spectrum of a Kaiser-Bessel function, the relative power and consequently the amplitude, drops to very low values after a certain frequency. 20 Therefore, the function is practically band-limited as opposed to a Gaussian function which is not and will have to be truncated.
2.C. Parameter selection for image representation and reconstruction
The parameter space of the Kaiser-Bessel window function is multidimensional and the choice of parameters will inevitably affect the properties of the reconstructed images. One of the parameters is the order of the function. For m > 0, the basis function is continuous with m − 1 continuous derivatives, therefore it is desirable to use m > 1. However, higher m values create smooth basis functions, with long low amplitude tails, which will impact the computation time in forward and back-projection during reconstruction, without significantly altering the resulted image. Therefore using a 2nd order Kaiser-Bessel basis function provides a good compromise based on the aforementioned constraints.
The basis function radius is another parameter which is of importance and impacts both the computation load as well as the properties of the reconstructed image. It defines the support of the basis and for a given basis sampling distance in the 3D basis function space, controls the degree of overlap between adjacent basis functions. A larger radius results in increased reconstruction time, which often puts a constraint on its selection for practical applications. The alpha parameter on the other hand does not impact the computational load and its selection therefore can be optimized purely based on the properties of the reconstructed images which are desirable. A large alpha parameter results in a smoother transition from the origin to the basis function boundaries, with the amplitude dropping closer to the origin. A small alpha value results in a sharper transition and with the function amplitude dropping at a larger distance from the origin. The difference caused in the basis function amplitude between progressively increasing/decreasing alpha values depends on the order of the function.
Finally, another parameter of importance is the spatial arrangement of the basis functions and the sampling interval between their origins. Although a simple cubic arrangement is most widely used and known in tomographic reconstruction, a body centered cubic grid was found to be more efficient for spherical symmetric basis functions. 24 The sampling distance heavily impacts the computation load, as more nodes are needed to cover a given image space. For a given basis radius, changing the sampling distance will result in a different overlap and, as such, the absolute blob radius is not always informative. Instead a relative radius, normalized to the basis sampling distance is often used. Consequently, as the basis order is often fixed to m = 2, three parameters need to be selected during image reconstruction, based on their impact either on the computational load, or on the properties of the reconstructed images. Although for practical applications both are taken into account, this investigation considers the latter. For a fixed m value, the full width at half maximum as well as tails of the basis function, are solely controlled by the radius and the alpha parameter. Therefore, the signalto-noise ratio and spatial resolution of the reconstructed images can vary for different values of these parameters. Due to the overlapping between basis functions, one criterion to constrain the parameter selection is to choose parameters which minimize the error by which a uniform image can be represented. This leads to a condition in which the Fourier transform of the basis function needs to have a zero amplitude at multiples of the sampling frequency 1 / d in the basis function grid. This condition, however, is not exactly satisfied for the Kaiser-Bessel functions, but parameters can be chosen to approximately satisfy the above condition and constrain the image representation and reconstruction error below an acceptable level. Therefore parameters can be chosen so as the 1st, 2nd, or any subsequent zero crossing occurs exactly at a radial distance equal to 1 / d, with the power spectrum of the Fourier transform of the basis function close to zero at other multiples of the sampling frequency. 23 This ensures that fluctuations in the reconstructed image around the true value have the minimum possible impact on the desired properties and subsequent analysis of the images, given that the condition for zero crossing at all sampling frequency multiples cannot be fully met for the Bessel basis function. To be able to satisfy the above condition, the three parameters become correlated and the normalized blob radius is given as
where u i is the ith zero of the three-dimensional Bessel function J m+3/2 and can be taken from lookup tables. Parameters which satisfy this equation result in an error below an acceptable limit when reconstructing a uniform region. However, the set of parameters satisfying the above equation and are able to represent a smooth image with the minimum degree of error are not likely to optimize another important property which is the spatial resolution. Consequently, a direct search through the multidimensional Kaiser-Bessel parameter space could be performed, focusing on the impact of the parameters on the spatial resolution rather than minimum error. 
2.D. Image reconstruction using overlapping and spherical symmetric basis functions
Image reconstruction using spherical symmetric basis functions, as demonstrated by Stute and Comtat, 22 can be considered as an image space resolution modeling image reconstruction in basis function coefficient space, using the basis density function as the resolution kernel, followed by an image space convolution with the basis function. For ordered subsets expectation maximization image reconstruction, this equates to
where for a given LOR i intercepting the spherical basis function localized at (x j , y j , z j ) p ij = dxdydzb(R) followed by a convolution with b(R). As pointed out by Stute and Comtat 22 the scanner's PSF can also be used as a basis function, provided of course that an initial voxel reconstruction is available to derive the voxel-based image space PSF. However, in such an event, and in contrast to using Kaiser Bessel functions where the parameters can be optimally selected, the mathematical criteria needed for optimally superimposing basis functions with minimum error, are most likely not satisfied due to the PSF having a fixed density function. 23 Therefore, for scanners using spherical symmetric Kaiser Bessel basis functions and in the absence of a voxel-based reconstruction, the scanner's resolution could vary significantly for different arbitrarily defined basis function parameters. This is particularly true for parameters corresponding to basis functions with FWHM larger than that of the scanner's PSF, in which case apart from overshoot, a deterioration in the reconstructed resolution could also potentially occur. Therefore, parameters could be optimized based on spatial resolution rather than error to avoid such effects. However, with each scanner having a different PSF, parameter optimization is empirical and scanner dependent. Furthermore, deriving the scanner's imagebased PSF using an image reconstruction based on KaiserBessel functions, could result in the image-based PSF depending on the basis function parameter selection. Alternatively and in order to satisfy the conditions in Fourier space for minimum error, spatial resolution optimization could be done for those parameters which satisfy Eq. (3). Hence parameters which simultaneously optimize error and spatial resolution during image reconstruction can be selected, in order to derive the scanner's image space PSF.
MATERIALS AND METHODS
3.A. The Ingenuity time-of-flight PET/MRI scanner
The Philips Ingenuity TF PET/MR system is a state-of-theart recently commercialized hybrid imaging system, which combines the Gemini TF PET and the Achieva 3T X-series MRI systems. The system provides sequential imaging between the two scanners using a rotating patient handling system, allowing fused images to be obtained similar to a standard PET/CT system. A number of features on the PET system had to be redesigned in order to avoid mutual interference between the two systems. To avoid electromagnetic interference due to the stringent requirements when operating inside the magnet room, some of the PET electronics, including power and signal wires, are located in the MR equipment room. To avoid interference from the fringe magnetic field on the PET detector PMTs, shielding was introduced on the MRI side, while the PMTs were reorientated parallel to the magnetic field. The PET system has 28 336 4 × 4 × 22 mm LYSO crystals arranged in 28 modules providing ∼12% energy resolution and ∼580 ps timing resolution, enabling the usage of TOF information. Image modeling is done using Kaiser-Bessel basis functions while image reconstruction is performed in list-mode and a relaxed OSEM algorithm is provided allowing TOF and non-TOF data to be reconstructed. 25 Attenuation data are provided using a threeclass (air, lung, soft tissue) automatic segmentation while scatter estimation is based on TOF-dependent single scatter simulation.
3.B. Point source production and optimization
To produce the point source array, a standard HP printer was used to print multiple radioactive Fluorine-18 point sources on an A4 paper using a predefined template array drawn on Microsoft publisher. Ink (∼0.3 ml) was mixed with fluorine-18 (∼0.1 ml) and the solution was injected into a modified cartridge via a syringe. An array of 12 × 7 sources in the radial and axial direction, respectively, was printed. A conservative 2.5 cm point source spacing was used both in the axial and radial direction, to avoid any overlap of the reconstructed PSFs. The point sources were 1 mm in diameter and the array covered half the radial FOV (0. . . 27.5 cm) and almost the entire axial FOV (−7.5. . . 7.5 cm). To boost the activity printed, the paper was reprinted three times ensuring activity deposition at the same position in each reprint. Since the paper has not got sufficient material for the positrons to annihilate, a Perspex phantom was used for that purpose. A tissue equivalent phantom consisting of two Perspex sheets (3 mm thick/sheet), between which the array was placed, was used for positioning and to provide annihilating material (Fig. 2) .
3.C. Positioning, aligning, and scanning the point source array
To place the Perspex sheets in the FOV and allow movements in different directions for precise positioning of the sources, the phantom holder used for daily QC of the PET scanner was modified to accommodate the point source array. Holes were drilled in 2 cm intervals at the top bracket of the point source QC holder and the Perspex sheets were screwed to place, extending from the center towards the end of the radial FOV. Accurate positioning of the array was assisted by the scanner's laser system which although not used for direct alignment due to an offset with respect to the scanner's axis and the true PET FOV, provided a fixed reference frame. Multiple test scans of the point source array were acquired and reconstructed to locate the center of the FOV and subsequent adjustments were done with respect to the laser system. Printed guide-lines on the point source array helped with the alignment with respect to the reference laser lines. Once in FIG. 2. A printer was used to produce the point source array (a) . Holes were drilled on the top of the QC point source holder at 2 cm intervals (b) and the Perspex sheets with the point source array were screwed in place (c). The assembly was then attached on the phantom holder which was subsequently attached on the patient handling system with the help of railings (d). The array was positioned horizontally, extending from the center towards the edge of the radial FOV (e).
place and with the MR magnet on, PET data were acquired in PET only mode for 120 min (no MR data were acquired), to enable high counting statistics data to be collected (∼100 M prompts).
3.D. Image reconstruction and PSF modeling
Since the data were acquired in PET only mode, no attenuation correction was used, which is a reasonable assumption since the Perspex sheets result in minimal attenuation. Furthermore, since an attenuation map was not readily available, scatter correction was not performed during the reconstruction. The PSF data were reconstructed using a list-mode time-of-flight OSEM algorithm available on the system. 25 To avoid any additional blurring from lack of convergence, test data were reconstructed using various iterations to establish the point were no further improvements could be seen on the spatial resolution. In the rest of the analysis and following this iteration optimization based on the rate of change in the FWHM, seven iterations were used for all point source data. Images were reconstructed on a 288 × 288 × 90 grid for visualization and post-reconstruction analysis with a 2 × 2 × 2 mm voxel.
To evaluate the impact of Kaiser-Bessel basis function parameters on the spatial resolution and the image-based PSF, three parameters were varied during reconstruction. Two different parameter selection schemes were used. In the first scheme, basis function parameters were systematically varied over a predetermined range of values. First, 13 To cover all possible combinations, parameters were derived for the 1st (u 1 = 6.988), 2nd (u 2 = 10.417), and 3rd (u 3 = 13.698) zero crossing. The combination of parameters used in the 2nd parameter selection scheme, based on Eq. (3) and using the aforementioned alpha and sampling parameters, are summarized in Table I . The reconstructed PSF data were fitted in image space using a Gaussian mixture model of two 3D distributions estimating 13 parameters (standard deviation and mean with axial, radial, and tangential components for each Gaussian with a weighting parameter between them).
14 Parametric maps representing the axial and radial spatial variation of each PSF fitted parameter, as well as FWHM, were generated for each blob parameter combination in the 3D blob parameter space. In the analysis that follows, we used FWHM as an overall index of interest in evaluating the image space PSF with individual fitted parameters probing certain aspects of the PSF, such as shape and asymmetry.
3.E. Qualitative evaluation
To qualitative evaluate the impact of the different basis function parameters, the NEMA image quality body phantom, filled with fluorine-18 and with a 5:1 sphere to background ratio was scanned on the Ingenuity PET/MR. Data were acquired for 10 min collecting ∼100 M prompt events and were reconstructed with a list-mode time-of-flight OSEM algorithm (7 iterations-33 subsets). Representative parameter combinations were used, taking into account the spatial resolution based parameter optimization as well as parameter combinations derived from Eq. (3). Furthermore, a clinical brain study was also used for qualitative evaluation. The patient was injected with ∼265 MBq of [
18 F]-FDG, followed by a 10 min data acquisition, collecting ∼140 M prompts. Similar to the phantom study, a list-mode time-of-flight OSEM algorithm (7 iterations-33 subsets) was used along with representative basis function parameters.
RESULTS
4.A. PSF variation under spatial transformations
Transverse and horizontal reconstructed images through the point source array are shown in Fig. 3 for standard basis function parameters (r = 1.0188, alpha = 1.3084, d = 1.0188). From a qualitative evaluation of the data, the radial elongation of the kernels towards the edge of the radial FOV is easily discernible. In the center of the FOV, the PSFs appear to be symmetric and become progressively elongated at increased radial distance. Looking at the axial dependency, no qualitative difference can be seen between the reconstructed PSFs at the 7 axial positions. Following reconstruction of the data and post-reconstruction PSF model fitting as outlined in the methodology, model parameters and the FWHM were estimated for each of the fitted kernels. Parametric images of the radial, tangential and axial FWHM corresponding to the reconstructed point source data of Fig. 3 are shown in Fig. 4(a) . Each voxel in these spatial resolution parametric maps corresponds to a single point source and covers a physical sampling distance of 2.5 cm, equal to the sampling distance between the point sources in the array. The quantitative data confirm the findings from the visual inspection of the reconstructed data. The radial FWHM was found to vary from ∼4 mm in the center of the radial FOV up to ∼6.6 mm at a radial distance of 27.5 cm and close to the edge of the reconstructed radial FOV. Looking at the tangential and axial FWHM, it appears that the axial and tangential components of the PSF are invariant under radial transformations, with a FWHM of ∼4 mm. Looking at the axial dependency of the radial, tangential, and axial components of the PSF, they all appear to be invariant under axial transformations, with minimum variation in the FWHM across the axial FOV. One aspect of the scanner's spatially variant PSF is the parallax error induced radial elongation which causes the PSF to become asymmetric away from the scanner's axis. Rather than looking at the FWHM, a better insight can be obtained by directly probing this asymmetry. In Fig. 4 (b) the spatial variation of the radial, tangential, and axial PSF asymmetry is shown as a parametric image, with the asymmetry given as the spatial difference between the corresponding fitted means of the 2 Gaussian distributions. As expected, a substantial asymmetry is observed in the radial direction. In the center of the radial FOV, no asymmetry is observed as the PSF approximates a Gaussian distribution and the means of the two Gaussians, used to model the reconstructed kernels, coincide in space. At increased radial distance the radial asymmetry is progressively increased up to ∼1.5 voxels (3 mm) as the means of the two Gaussian distributions are stretched further apart to model the asymmetric PSF. In the tangential direction, no significant asymmetry is observed throughout the FOV. However, a small axial asymmetry was observed towards the edge of the axial FOV (∼0.5 voxels), which appears to be symmetric with respect to the center of the axial FOV and could be caused by axial parallax error effects. This asymmetry is not creating any visible deterioration in the axial FWHM towards the edge of the axial FOV as seen in Fig. 4(a) , as it is relatively small and potentially only noticeable if using a full width at tenth maximum index (FWTM).
4.B. PSF variation under different basis function parameters
Following evaluation of the scanner's variable image space PSF and resolution characteristics under spatial transformations using standard basis function parameters, a systematic evaluation over a range of basis function parameters was performed to assess their impact on the aforementioned scanner attributes. In Fig. 5 , parametric images of radial, tangential, and axial FWHM are compared for two largely different basis function radius (r/d) and a small alpha parameter (alpha = 1.3084) using a sampling distance of d = 1.0188. Using a relatively small alpha value, which allows the basis function to still have a high amplitude close to the boundaries, and going from a small radius to a large radius, the reconstructed PSF significantly broadens. As can be seen, both the tangential and the axial FWHM uniformly deteriorates from ∼4 to ∼5.5 mm. However, the radial resolution does not follow the same trend and deteriorates as a function of the distance from the scanner's axis. In the center of the FOV, the deterioration is similar to what is seen in the tangential and axial direction. Moving progressively away from the center of the radial FOV, where the resolution naturally deteriorates due to parallax effects, the basis function induced deterioration from using a larger radius is progressively reduced. At the very end of the FOV, no visible resolution degradation is caused by increasing the basis radius. Therefore, due to the nonuniform way the resolution is affected from the basis radius, owning to the parallax error induced resolution gradient, the overall FWHM although degrading, becomes less variant. The spatial resolution can be seen for all 13 different basis function radii in Fig. 6(a) were the radial, tangential, and axial FWHM averaged across the seven axial positions is plotted as a function of radial distance. difference is seen in the resolution. For higher values, the FWHM starts to deteriorate. In the radial FWHM and for a radius of 3.1998, the resolution gradient from the center to the edge of the FOV has been reduced to less than 1 mm, while in the axial and tangential direction, the resolution deteriorates uniformly and in a similar way across the FOV. The same analysis but using double the sampling distance (d = 2.035) and physical basis function radius (normalized radius is the same as it is given as their ratio) is shown in Fig. 6(b) . The resolution degradation pattern is kept the same, though now degradation starts from a smaller radius (r/d = 1.21) despite the normalized radius being the same. Above a radius of r/d = 1.97, both radial, tangential, and axial resolution becomes truly spatially invariant across the FOV and close to ∼8 mm while it reaches ∼11.3 mm at the peak radius (r/d = 3.19).
On the other hand, using a relatively large alpha value (alpha = 14), which allows the basis function's amplitude to drop rapidly away from the origin with long low amplitude tails, and going from a small radius to a large radius, the reconstructed PSF stays largely unchanged as seen in Fig. 7 . It can also be seen that when a small radius is used, the resolution parametric maps appear noisy with sudden variations. This could be attributed to the fact that a combination of a small radius with a large alpha, both contributing to a Bessel function with small FWHM and poor basis overlap, is far away from the optimum parameters satisfying Eq. (3). Therefore nonuniformities from improper overlap between the basis functions will propagate and manifest in the reconstructed point sources and consequently in the PSF fitting and spatial resolution estimation. Going to the other extreme at a large radius (r = 3.19), even though the alpha is large, the resolution map appears very uniform, while in the radial direction the FWHM is transitioning smoothly due to parallax error with no sudden changes. Again and in a similar way to Fig. 6(a) , spatial resolution can be seen for all 13 different basis function radius values in Fig. 8(a) were the radial, tangential, and axial FWHM averaged across the seven axial positions is plotted as a function of radial distance. As alpha is large (alpha = 14), resulting in a fast drop in the basis function amplitude away from the origin, even if the radius is large, no significant difference is seen in the spatial resolution. However, as previously mentioned, data reconstructed with a small radius suffer from sudden variations in the resolution mainly due to nonuniformities in the reconstructed PSF image. When a double sampling distance and physical radius is used, it inevitably leads to a broadening of the reconstructed PSF kernels and resolution degradation as seen in Fig. 8(b) . Degradation starts at a radius r/d = 1.62 with the spatial resolution becoming spatial invariant at a radius r/d = 2.63. At the peak radius (r/d = 3.19), resolution peaks at ∼8.8 mm which is lower compared to the ∼11.3 mm seen in Fig. 6(b) due to the difference in the alpha parameter.
To assess the impact of alpha on spatial resolution, the radial, tangential, and axial FWHM averaged across the seven axial positions is plotted for all 10 alpha values (d = 1.088). Data are shown both using a small radius (r/d = 1.47) and a large radius (r/d = 3.19) (Fig. 9) . For a small basis function radius, no difference is observed between the different alpha parameters. When a large radius is used, the impact of the alpha parameter becomes more prominent with the axial and tangential resolution ranging from ∼4 to ∼5.7 mm uniformly throughout the FOV. Similar resolution degradation is observed in the radial FWHM at the center of the radial FOV, while at the edge of the FOV no resolution difference is seen amongst the different alpha values.
A clearer picture of the impact of each of the three parameters on the radial resolution, which is the only to vary under spatial transformations, can be seen in Fig. 10 . When a large alpha value is used, the image space PSF and consequently spatial resolution, remains largely unchanged throughout the FOV. Under a small alpha value, spatial resolution starts to degrade in the center of the radial FOV at a certain radius and approaches the resolution at the edge of the FOV which remains unchanged. Using double the sampling distance (d = 2.0375), the radial component of the PSF becomes spatially invariant as well (similar to the axial and tangential), irrespective of the alpha value as seen in Fig. 10 , with the difference between different alpha values being the basis function radius at which it occurs.
One of the incentives of using a double mixture model to model the PSF, apart from being able to account for asymmetry, is that the PSF may not be normally distributed even in the center of the FOV. The 1st component can model the main fast decaying part of the PSF while the 2nd component can model the slowly decaying tails, with their proportion varying as a function of the distance from the center of the FOV and adding up to unity. Therefore, as the radial component of the PSF becomes radially invariant under certain basis function parameters, the proportion between the two Gaussians that model the PSF should also change. This can be seen in Fig. 11 where the proportion of the 1st Gaussian is shown as a parametric image for six different radii (r/d) and two extreme alpha values. As seen in Fig. 11(a)(i) , which corresponds to a combination of parameters that do not degrade resolution, the proportion of the 1st Gaussian in the center of the radial FOV is ∼75% (with the 2nd Gaussian accounting for the other 25%) while it is reduced to ∼65% at the edge of the FOV due to the larger tails which are modeled by the 2nd Gaussian. Increasing the radius of the basis function as seen before, results in the radial component of the image space PSF to become less variant under radial transformations. This has an impact on the shape of the PSF as can be seen in Fig. 11 , with the percentage of the 1st Gaussian increasing as the basis function radius increases and approaching unity. This signifies that the PSF becomes more symmetric and could even be modeled by a single Gaussian. Furthermore, the percentage varies less as a function of radial distance, as the radial component be- comes less spatially variant. Similar behavior is seen for the two alpha values with the proportion changing significantly less when using a large alpha. Based on the results presented using a combination of basis function parameters, the image space PSF could become spatially invariant. However, the overall reconstructed resolution is degraded and gradually dominated by the basis function's FWHM. Due to the parallax error induced resolution degradation at the edge of the radial FOV, the degradation caused by the basis function FWHM is first noticeable in the center of the FOV. Therefore, the basis function parameters can easily be optimized to avoid any resolution degradation by looking at Fig. 12 , where the FWHM at the center of the FOV (averaged across the seven axial positions) is visualized for all the alpha parameters and radii (d = 1.0188). Based on the parametric image shown in Fig. 12(a) , contour plots can be generated similar to those used by Matej and Lewitt. 23 As can be seen from the contour plots, the contour line corresponding to 4.2 mm can be used as a threshold, with parameter combinations on the right side degrading spatial resolution. However, parameters close to the upper left side of the graph, corresponding to a small radius and a large alpha, although not degrading resolution, generate images with nonuniform resolution characteristics. This can be seen when looking at the tangential resolution contour plot as well as Fig. 7(a) . Therefore, it is desirable to investigate whether parameters which satisfy Eq. (3) for minimum error could also maximize spatial resolution, thus achieving a double optimization of error and resolution at the same time. Such an optimization is shown in Fig. 13 where the radial, tangential, and axial FWHM at the center of the FOV (averaged across the seven axial positions) is plotted for basis function parameters which satisfy the condition for minimum error imposed by Eq. As the radius increases, the proportion of the 1st Gaussian, which models the fast decaying part of the PSF, also increases and approaches unity, suggesting a more Gaussian-like distribution. Furthermore the proportion becomes less variant as a function of radial distance.
transform of the basis function. As can be seen, combination of parameters belonging to the first two crossings generates Bessel basis functions, which when used during image reconstruction, generate a PSF with optimum spatial resolution. Therefore, points in the first two crossings satisfy both the spatial resolution and minimum error criteria. However, parameter combinations in the 3rd zero crossing degrade spatial resolution although they provide minimum error when reconstructing a uniform region. What is also observed is that parameters close to the upper left side of the contour graph in Fig. 12 , corresponding to a small radius and a large alpha and which result in sudden changes in spatial resolution in the FOV, are away from the first hyperbola, resulting in substantial error in the reconstructed images and therefore the reconstructed PSF. 23 If we then restrict parameter selection in the first two zero crossings, a smaller error is achieved using a higher radius, with a larger alpha (see Fig. 2 from Matej and Lewitt 23 ) as resolution is pretty much unchanged for parameters in the first 2 hyperbolas. The parameter selection could be further restricted by selecting parameters which generate basis functions with the largest possible FWHM and closer to the scanner's PSF, for maximizing the variance improvements achieved by using spherical symmetric basis functions. An image space PSF based on a voxel reconstruction is then needed for that purpose if available, to compare the different basis density functions against it.
Based on the spatial resolution parameter optimization, representative combination of parameters were used on the image quality phantom dataset as seen in Fig. 14 when using parameters resulting in a basis function with a small FWHM leads to optimum resolution in the reconstructed image, image nonuniformities appear in the image as parameters are not satisfying the minimum error criteria. In extreme cases, inadequate overlap could lead to severe image artifacts as can be seen in Fig. 14(a) . On the other hand, using parameters resulting in a basis function with a large FWHM leads to degraded spatial resolution with potential Gibbs artifacts as shown in Fig. 14(c) . Selecting parameters based on the minimum error criteria results in reduced image nonuniformity and noise, however, reconstructed spatial resolution could be far from the optimum. This is confirmed in Fig. 15 where the 1D profile through the smallest phantom sphere reveals that using the optimum parameters for minimum error results in a small degradation of the spatial resolution.
Finally a clinical [ 18 F]-FDG brain study was also used to qualitatively evaluate representative parameter combinations (Fig. 16) . Similarly to the image quality phantom, when parameters resulting in erroneous overlap are used, severe artifacts appear in the reconstructed PET images. On the other extreme end, images appear substantially blurred when a basis function with a large radius and a small alpha parameter is used. Images reconstructed with the same (r/d) but a larger (d) parameter, appear to be substantially more blurred which is in accordance to what was observed in Fig. 10.   FIG. 15. 1D profile plotted for three images [Figs. 14(b)-14(d) ] along the line shown in Fig. 14(d) of the reconstructed image quality phantom. 
DISCUSSION
In this work, we aimed at measuring the image-based PSF on the Ingenuity TF PET/MRI scanner to portray the system's spatial resolution characteristics and to derive the spatially variant kernels for potential utilization within a resolution modeling image reconstruction algorithm. However, as opposed to other systems which traditionally use cubic nonoverlapping basis functions for image representation, the system in reference is using a more unconventional basis function implementation, based on spherical symmetric and overlapping volume elements. In the absence of a voxel-based reconstruction, this poses an added complication when deriving the system's PSF in image space due to the multitude of basis function parameters which could arbitrarily and freely be defined and are intrinsic part of image reconstruction. Their selection then inevitably influences the properties of the reconstructed images, and amongst them spatial resolution. Thus we addressed both the image space PSF measurements and the basis function parameter optimization as a unified problem. Previous investigations mainly focused on the error by which an image could be represented following reconstruction with spherical symmetric basis functions, with little attention on the effect on spatial resolution. 20, 23 In fact, to the best of our knowledge, no previous studies in the literature investigated the impact of the basis function's density function on the spatially variant PSF.
The proposed methodology, which we have previously used to evaluate the PSF on both whole-body PET/CT and brain dedicated PET scanners, was successfully adapted to become MR compatible as the MR magnet was on during the measurements, without any modifications in the phantom design.
14 For all reconstructions we used the standard 2 × 2 × 2 mm 3 voxels which is the minimum that can be achieved during reconstruction by the clinical system. However, using offline reconstruction software we reconstructed data with 1 × 1 × 1 mm 3 voxels which resulted in only a small difference of ∼0.1 mm in the FWHM at the optimum basis function parameters and at the center of the FOV. However, the reconstructed PSFs became substantially noisier which resulted in obtaining unreliable parameter estimates during the Gaussian mixture model fitting. Furthermore, the reconstructed times especially for the reconstructions using basis functions with large radius and small alpha parameters became completely impractical, with reconstructions taking up to 2 days to complete. Thus for this study we opted for a 2 × 2 × 2 mm 3 voxel without compromising on the spatial resolution estimates.
In this study, a statistical image reconstruction was used to derive and evaluate the image based PSF. Similar methodology has been used when reporting such measurements. 15, 19, 26, 27 One potential issue with such methods is that the non-negativity constraint could artificially enhance the measurements if a single point source in the air is used. However, in our method we simultaneously scan multiple point sources which should alleviate or minimize any potential problems which could arise if only a single point source was used in the reconstructed FOV, as all the other point sources could be considered as a background to a specific point source. Furthermore, analytical reconstruction, such as FBP, is not available on the system for routine clinical usage.
Using standard basis function parameters, first we evaluated the variation of the image space PSF under spatial transformations. Based on the results presented, the PSF was found to be largely invariant under spatial transformations apart from its radial component, being radially dependent. However, this radially dependent spatial resolution deterioration does not appear to be as significant as compared to other PET systems evaluated with the same methodology. 14 The axial and tangential components on the other hand were found to be invariant throughout the FOV. This is in contrast to reported data from other PET systems where both these PSF components were found to vary under radial transformations.
14 This difference can be attributed to the listmode reconstruction used in the Ingenuity PET/MR system, which avoids any axial under-sampling (spanning) of the raw data prior to reconstruction, used by other PET systems. As in a span, the axial displacement between the true and assigned LOR is radially dependent, the axial resolution becomes dependent upon the distance from the scanner's axis, something that is avoided in list-mode based reconstruction and is reflected in the scanner's axial and tangential resolution. Another effect that was seen and could be attributed to the list-mode reconstruction is the axial asymmetry, mainly at extreme axial distance. However, the axial asymmetry was found to be small enough compared to the radial, since the axial FWHM remained invariant under axial transformations.
No direct comparison between having the magnetic field on and off was performed in this study as the scanner operates in a clinical environment and therefore shutting of the magnet was not feasible. However, based on the data collected with the magnet on, no noticeable impact or artifact of the magnetic field on the measured PSFs was observed. 1 In our work, we used fluorine-18 as the isotope of choice; however, in a more energetic isotope, the impact of the magnetic field could be more strongly felt and be enough to influence the overall reconstructed FWHM.
A number of parameters controlling the shape and size of the Kaiser-Bessel basis function were systematically evaluated to assess their impact on the image space PSF and consequently the reconstructed spatial resolution. Based on the presented results, we observed that under certain combination of parameters, spatial resolution starts to degrade. The degradation is uniform in the axial and tangential components, while in the radial component this degradation is seen originally at the center of the radial FOV and progressively extends towards the edge of the FOV depending on the basis function used. Effectively, it is the basis function FWHM that ultimately influences the reconstructed resolution with both the radius and the alpha parameters controlling it. We observed that for a small alpha parameter and as we increase the radius up to 1.9708, no change in the resolution was noticed, while for higher values a clear degradation was observed. The way the basis function parameter induced degradation occurs in the radial FWHM [ Fig. 6(a) ] indicated that for a basis function FWHM at least equal to the scanner's intrinsic FWHM, no degradation in the reconstructed FWHM could be observed. For a basis function with FWHM higher than that of the scanner's, the reconstructed FWHM starts degrading. This can explain the reason why a combination of parameters degrades the resolution at the center of the FOV and not at the edge. The basis function could have a FWHM higher than that of the scanner at the center of the FOV, in which case the reconstructed resolution will degrade, but since at the edge the intrinsic resolution is worse due to parallax error, the basis function FWHM might still be lower, in which case the reconstructed resolution remains unaffected. The reason of this degradation could possibly be attributed to the fact that the reconstruction using spherical symmetric basis functions can be considered equivalent to a PSF reconstruction in the basis function coefficient space followed by a convolution with the basis density function. 22 Since the FWHM of the basis function is gradually increasing to a point where it becomes larger than that of the system's intrinsic FWHM, no more resolution is recovered in coefficient space no matter how large is the basis function. However, the subsequent convolution with the large basis function will only help to degrade the spatial resolution. Furthermore, the larger the basis function is, the more it changes the shape of the true image space PSF, as the shape becomes dominated by the shape of the basis function shape, something which is demonstrated in Fig. 11 . When the basis function's FWHM approaches and becomes larger than the FWHM at the edge of the radial FOV (having the highest intrinsic resolution), the PSF and the spatial resolution become truly spatially invariant, despite the fact that the reconstructed resolution throughout the FOV has degraded overall and reached that at the edge of the radial FOV.
Based on the above, one could use the contour lines in Fig. 12 to select parameters which do not degrade spatial resolution and do not change the PSF. By staying on the left of the 4.2 mm contour line, such a criterion is satisfied but when having to choose the optimum parameters, a better optimization can be made by looking at Fig. 13 . This is true since although certain parameters can give optimum spatial resolution, the error and the nonuniformity in the images is so big that the resolution becomes nonuniform with sudden changes in the FOV. This was also confirmed from the phantom and clinical studies, where we deliberately used extreme parameters leading to severe artifacts. Looking as the patient dataset shown in Fig. 16 , using optimum error parameters resulted in different spatial resolution estimates between the two sampling distance schemes. Using a value of d = 2.0375 resulted in increased blurring compared to d = 1.0188, although both parameter combinations comply to the minimum error criterion. We found that using an r/d = 2.3878, a = 10.4101, and d = 1.0188 gave improved cortex delineation and contrast while satisfying the minimum error criterion, However, due to the large radius, such reconstructions can be computationally intensive and other parameter combinations based on Fig. 13 with smaller radius and larger alpha can be used as alternatives. It is though the clinical task which will ultimately impact the choice of the basis function parameters as it is possible to alter the variance properties of the reconstructed images while still maintaining optimum spatial resolution. However, for certain parameter values, spatial resolution degrades as well and it is important to set guidelines for optimum basis function parameter selection which are scanner specific and depending on the system's intrinsic spatial resolution properties. In Fig. 13 , it was observed that for d = 1.0188, parameters in the first two zero crossings of the Fourier transform of the basis function, minimize both error and resolution. However, although the parameters for a minimum error are fixed and independent of the scanner, the parameters for optimum resolution appear to be scanner-specific and subject to optimization as previously mentioned. As pointed out by Stute and Comtat 22 and also discussed briefly in Sec. 2, using Kaiser-Bessel functions as basis functions, is a user's choice and the image-based PSF derived from a pixel-based reconstruction could equally be used as a basis function. However, the benefit of having a Bessel function as a basis function for image representation stems from the fact that its individual parameters could be chosen so as to satisfy the aforementioned necessary mathematical conditions, something that is most likely not guaranteed by using the scanner's PSF which has a fixed density function.
CONCLUSION
Overall the Ingenuity TF PET/MR, under optimum basis function parameters, exhibits excellent spatial resolution characteristics mainly due to the fact that the raw data are not under-sampled/rebinned enabling the spatial resolution to be dictated by the scanner's intrinsic resolution and the image reconstruction parameters. Due to the impact of these parameters on the resolution properties of the reconstructed images, the image space PSF varies both under spatial transformations and basis function parameter selection. Nonetheless, for a range of basis function parameters, the image space PSF can be considered optimum with the range depending on the scanner's intrinsic resolution properties. Within this range of parameters, the analysis from the point source data could be used to enable the image based PSF to be incorporated within resolution recovery image reconstruction algorithms. However, since it is unique to the range of basis function parameters, it can only be used for the specified range of basis function parameters, used to derive it. Finally, since the Ingenuity PET/MR is comprised of the GEMINI TF PET component and based on the fact of no interference between the PET and MR systems, 1 the findings of this study could potentially be applied on PET/CT systems using the same PET component. 10 
